H e avy metals (HMs) like cadmium, c o p p e r, z i n c, l e a d, o r m e rc u ry are env i ronmental pollutants inducing phy s i o l ogi c a l a l t e rations in plants such as growth re t a rd at i o n , m e m b ra n e d a m age, ch a n ges in enzyme activities or induction of ox i d at ive stress when their concentrations exceed an element spec i fic thre s h o l d. HM ions interact with SH-and histidy l groups of enzymes and membrane pro t e i n s , leading to inact ivation of the pro t e i n s , cell damage and fi n a l ly cell deat h [1] . Howeve r, a number of plant phenotypes with incre a s e d resistance to HM ions have been isolated from locations that a re polluted with high concentrations of diffe rent metals. The phy s i o l ogical basis of the HM tolerance of these plants can be add ressed either to a reduced uptake of HM ions into the plant cells or to the development of metal-sequesteri n g m e chanisms within diffe rent cellular compartments. Some of these detox i fi c ation mechanisms in HM exposed plants are metal binding to the cell wa l l s , reduced tra n s p o rt across the m e m b ra n e s , a c t ive effl u x , p re c i p i t ation in va c u o l e s ,
synthesis of HM binding compounds such as pep t i d e s , p rot e i n s , o rganic acids or phenolic compounds [2, 3] .
The storage of HMs inside the vacuoles presumes a t ra n s l o c ation of the HM ions through the cytoplasm. It is w i d e ly accepted that HMs pass the cytoplasm in a ch e l at e d fo rm. For Ni the binding to the imidazole nitrogen of histidine was shown [4] . The synthesis of phy t o ch e l atins (PCs) is a common response of plant cells upon ex p o s u re to HM ions. PCs are small peptides with the ge n e ral stru c t u re (γ-G l u -C y s ) n -G ly (n = 2 -11) that are able to ch e l ate HMs due to the high cysteine content in the molecule. The synthesis of PC molecules with diffe rent chain length is induced by a wide va riety of HMs (e. g. A g, B i , C d, C u , H g, P b, S n , Zn [5] ), wh e reas the direct part i c i p ation of PCs in the ch e l ation of HM ions in plants has been ve ri fied for only few elements under in vivo and in vitro conditions. Ve ry few dat a about the binding pro p e rties of the HM-PC-complexes are k n ow n , m a i n ly due to the pro blem that all the cry s t a l l i s at i o n e ffo rts have failed to dat e. In order to understand the role of these peptides for HM detox i fi c ation in plants and for the d evelopment of HM tolerant phenotypes a detailed know le d ge of the metal-binding ch a ra c t e ri s t i c s , s u ch as binding a ffinity or binding stability is needed.
Analysis of PC molecules and their HM binding complexes
The sep a ration of the dissociated HM-PC-complexes by a reve rsed phase HPLC with post-column derivat i z ation [6] or fl u o rescent labelling of the free SH-groups [7] are comm o n ly used methods for the qualitat ive and quantitat ive a n a lysis of metal-free PC isofo rms. Because the inve s t i gation of the binding pro p e rties and of the HM ions selective ly bound to PC complexes is only possible under non-denat u ring conditions, a time consuming combination of diffe re n t ch ro m at ographic pro c e d u res (e. g. gel fi l t ration and ion ch rom at ograp hy) and the subsequent determ i n ation of the HMs by element specific methods (e. g. AAS) in the sep a rat e d f ractions has been mostly ap p l i e d.
In a complex biological mat rix trace elements can be present in ionic fo rm , as low or high molecular weight compounds or as organometal complexes. Element specific analytical methods (e. g. A A S, ICP AES or ICP MS) can only d e t e rmine the total content of elements in a sample, but these t e chniques are not able to distinguish between diffe re n t fo rms of an element, the so called " s p e c i e s " , wh i ch are ve ry i m p o rtant for understanding the biological function or the t oxicity of an element. For the determ i n ation of the concent ration of individual elemental species a sep a ration step of e a ch of these compounds is necessary prior to the analy s i s by A A S, ICP AES or ICP MS. Many of these off-line or online coupled sep a ration and detection systems have been used in the past for speciation analysis in biologi c a l , e nv iro n m e n t a l , and clinical re s e a rch.
In the present study an on-line coupled high perfo rm a n c e liquid ch ro m at ograp hy -inductive ly coupled plasma mass s p e c t ro m e t ry system (HPLC-ICP MS) was used for the i nve s t i gation of the binding pro p e rties of HM-PC-complexe s in order to ch a ra c t e rise the role of these compounds for the HM detox i fi c ation in HM tolerant and non-tolerant plants.
S p e c i ation techniques add ress only a fraction of the total metal content present in the samples, re q u i ring highly sens i t ive analytical detectors. ICP MS was chosen because it has seve ral at t ra c t ive fe at u res compared with other analy t ical tech n i q u e s : isotopic info rm ation is ava i l abl e, mu l t i e l emental cap ability allows a high sample thro u g h p u t , d e t e c t i o n limits are superior to most conventional techniques with a wide linear dynamic ra n ge of the detector, and most of the elements in the periodic table can be detected.
R ega rding the sep a ration technique prior to the element s p e c i fic detection, gas or liquid ch ro m at ograp hy and cap i ll a ry electro p h o resis are the pre fe rred methods because they a re known as highly efficient for a wide va riety of samples [8] . In pri n c i p l e, e a ch ch ro m at ographic system can be used for species analysis; the selection of the sep a ration method d epends on the sample pro p e rties itself. In comparison to an o ff-line combination of the sep a ration technique and the element specific detector the on-line coupling of both dev i c e s has the gre at adva n t age of a fast time re s o l ved analysis with almost no sample lost or contamination because the sep arated compounds are dire c t ly tra n s p o rted to the ex c i t at i o n s o u rce and to the detector and are not collected in fra c t i o n s and stored for subsequent analysis. Due to the fact that the s ep a ration of the components of interest from the sample m at rix is a direct part of the analysis pro c e d u re itself, t i m e consuming sample prep a ration steps such as puri fi c ation and p re c o n c e n t ration can norm a l ly be avo i d e d. A styre n e -d iv i ny lb e n ze n e -c o p o lymer based size ex clusion ch ro m at ograp h i c column was selected for this study because of low intera ctions with metals during the sep a ration process compared to silica gels and the possibility of wo rking under isocrat i c conditions with low concentrated bu ffe rs and without any o rganic solvents in the mobile phase, wh i ch is ve ry adva nt ageous when coupling the HPLC to an ICP MS detector.
Sample preparation
One of the pro blems of speciation analysis in biologi c a l ex t racts is the development of a rep re s e n t at ive sampling proc e d u re. Unfo rt u n at e ly, i n t e n s ive sample pre t re atment can sign i fi c a n t ly modify the yield of the diffe rent elemental species detected in the sample. In order to ke ep the number of prep aration steps as low as possible a ve ry simple ex t raction proc e d u re was used for cell suspension cultures and wh o l e p l a n t s .
Water cultures as well as cell suspension cultures of a HM t o l e rant plant, Silene vulga ri s, and of tomato as a non-tolerant plant, i n c u b ated with diffe rent HM ion concentrat i o n s we re used for the analysis of the soluble HM-binding compounds. In order to ch a ra c t e rise the binding affinity and binding stability of HM-PC-complexes the plants we re exposed with essential (Cu 2 + , Z n 2 + ) and non-essential (Cd 2 + , P b 2 + ) HM ions in short-and long-term ex p e riments. The cell suspension cultures we re harvested by suction fi l t rat i o n , washed with 0.1 M EDTA to re m ove ex t ra c e l l u l a ry bound HM ions and immediat e ly fro zen in liquid nitrogen for storage. All sample prep a ration steps for cell cultures and wh o l e plants we re carried out in the same way as described elsewh e re [9] . The most important points of the sample pret re atment are a low temperat u re, the addition of 2-merc aptoethanol to all ex t ra c t s , and a pH-value of about 8 in ord e r to prevent the ox i d ation of the SH-groups in the samples and the dissociation of the HM-binding complexes wh i ch wo u l d occur at pH 6 or lowe r. After the ex t raction pro c e d u re the samples we re dire c t ly analysed without any cl e a nup or conc e n t ration step , minimising the potential risk of contamination. The sep a ration conditions and the detailed operat i n g p a ra m e t e rs of the on-line coupled HPLC-ICP MS system are b ri e fly summarised in table I.
Results and discussion
All para m e t e rs affecting the resolution of the HPLC sep a rat i o n , s u ch as pH and chemical composition of the mobile p h a s e, and their influence on the ICP mass spectro m e t ri c detection of the transient signals we re inve s t i gated on a PC re fe rence sample well ch a ra c t e rised for the peptide composition. The metal concentration of these sample wa s u n k n own. The best analytical perfo rmance of the HPLC-ICP MS system was ach i eved at a pH value of 7, 10 mM ammonium acetate as the mobile phase and a fl ow rate betwe e n 0.5 and 1.0 mL/min. A lower pH results in the displacement of the HM ions from the PC-complex; a higher concentration of the ammonium acetate leads to an increase of the b a ck ground intensity for diffe rent elements (e. g. Zn) and t h e re fo re to a deteri o ration of the detection limits.
The analysis of ex t racts of Silene vulga ri s and tomato cell suspension cultures shows a new ly synthesised compound with a molecular weight of ap p rox i m at e ly 13000 Da wh i ch can be observed in the UV ch ro m at ogram and was not d e t e c t able in the control plants (Fi g. 1) . The corre s p o n d i n g t ransient ICP MS signals of these ex t racts cl e a rly indicat e t h at this compound is a HM-binding complex with the applied HM ions in both cell suspension cultures (Fi g. 2). I n fo rm ations about the stru c t u re of the HM-binding complex a re not ava i l able from the HPLC-ICP MS measure m e n t s . Th e re fo re, the puri fied HM-binding compound of both cell suspension cultures we re analysed by electro s p ray ionisat i o n mass spectro m e t ry (ESI MS). Fi g u re 3 shows the ESI mass s p e c t rum of the HM-binding complex from a tomato cell suspension culture incubated with 0.01 mM Cu 2 + and Cd 2 + . For tomato as well as for Silene vulga ri s ( d ata not show n ) the HM-binding complexes can be cl e a rly identified from the ICP MS measurements and the ESI mass spectra as a comp l ex of HM ions and PC or desGly-PC molecules with the s t ru c t u re (γ-G l u -C y s ) 2 -G ly and (γ-G l u -C y s ) 2 . PC molecules with n > 2 are not found in the HM-PC-complexe s after 24 h of HM exposition. The S-S-bonds observed in the mass spectrum seems to result from re a rra n gement re a c t i o n s d u ring the ionisation process or from the dissociation of the H M -P C -c o m p l exes. It is not cl e a r, whether the desGly -P Cmolecules are constituents of the HM-PC-complex with a function in HM-binding or if they are produced during the i o n i s ation pro c e s s .
In roots and leaves of water cultures of Silene vulga ri s and tomato and in cell cultures exposed to equivalent conc e n t rations of Cu 2 + , C d 2 + , P b 2 + and Zn 2 + o n ly Cu-and Cd-P C -c o m p l exes are detectable in the ex t ra c t s , while Pb and Zn are bound to non-ch a ra c t e rised lower molecular we i g h t c o m p o u n d s . In vivo a n d in vitro s at u ration ex p e riments with Table I . Chromatographic conditions and operating parameters of the HPLC-ICP MS system.
H P L C
Mobile phase 10 mM ammonium acetate, pH 7 F l ow ra t e 0.5 -1.0 mL/min Death time betwe e n 30 -60 s UV and ICP-MS The amounts of HM ions in the soluble fractions of the samples we re quantified from the HPLC-ICP MS ex p e riments using HM-EDTA-solutions injected dow n -s t ream fro m the sep a ration column as calibration standards. Cert i fied re fe rence mat e rials for the speciation of low and high molecular weight HM-binding components in biological samples a re not ava i l abl e. Th e re fo re, a metallothionein-standard fro m rabbit liver (Sigma, St Louis, USA) was analysed to estimat e the accura cy of the quantitat ive pro c e d u re. The re c ove ry wa s d e t e rmined to be better than 90% (n = 5), despite memory e ffects on the column mat e rial. The total HM concentrat i o n s in the cell suspension cultures and whole plants we re determined by direct nebu l i z ation into the ICP MS after m i c rowave digestion. The comparison of the results of both q u a n t i t at ive measurements shows that only a minor part of the total HM concentration is present in a soluble fo rm as well in cell suspension cultures (less then 5%) as in wh o l e plants (less then 25%).
The inve s t i gation of HM tolerant Silene cucubalus, M i nu a rtia ve rn a , a n d A rm e ria maritima plants grown on a m e d i eval copper mining region ("Saugru n d " , E i s l eb e n , G e rm a ny) shows no fo rm ation of HM-PC-complexes in these plants. The HM ions in the soluble ex t racts are ex cl us ive ly bound to lower molecular weight compounds. Th e s e results explain that PCs are not the major source of the high HM tolerance of these plants, although these plants are abl e to synthesise HM-PC-complexes as could be revealed in the water cultures. Using electron microscopic inve s t i gat i o n s combined with element-specific techniques it was confi rm e d t h at a couple of other mechanisms (e. g. HM ex c retion by s p e c i fic glands or hy d athodes in the leave s , binding of HM ions on proteins or silicates in an insoluble fo rm , s t o rage of HM ions in the intercellular spaces of the leaf pare n chy m a ) is invo l ved in the detox i fi c ation of high concentrations of essential and non-essential elements in the HM-tolera n t plants of the copper mining region [3, 10] .
Conclusion
The ap p l i c ation of diffe rent concentrated HM solutions to cell suspension cultures and water cultures induces the synthesis of HM-PC-complexes with Cu and Cd ions as well in the HM tolerant Silene vulga ri s as in the non-tolerant tomat o under ex p e rimental conditions. Zn and Pb ions are ex cl us ive ly bound to lower molecular weight substances in all i nve s t i gated plant systems. HM-PC-complexes we re not
